This paper presents a study of beam alignment in accelerating cavities based on beam-excited higher order modes (HOM). Among the transverse HOMs, dipole modes have the dominant contribution, and may have an adverse effect on the beam quality. Since they depend linearly on the transverse beam offset, their effect can be reduced by aligning the beam in the cavity. The study has been made on the four third harmonic superconducting cavities installed in the ACC39 module at FLASH. Modes with strong beam coupling were monitored while moving the beam and searching for the minimum excited HOM power.
INTRODUCTION
An electron beam excites higher order modes (HOMs) when passing through an accelerating cavity. The transverse components are dominated by dipole modes [1] . These can deflect the beam and therefore dilute the beam quality and can potentially lead to a beam instability. Since their strength depends linearly on the transverse beam offset from the cavity axis, the adverse effect can be reduced by aligning the beam on the axis [2] .
At FLASH [3] , the electron beam is accelerated using TESLA cavities operating at 1.3 GHz. This induces a nonlinear energy spread in the bunch compression process, which is corrected by using third harmonic cavities operating at 3.9 GHz [4] . There are four 3.9 GHz cavities built in the cryo-module ACC39 (Fig. 1) . By design, the 3.9 GHz cavities have two features. First, the size of the 3.9 GHz cavity is three times smaller than that of the 1.3 GHz cavity. This makes the HOMs stronger in the third harmonic cavity [1] . Second, the beam pipes connecting the 3.9 GHz cavities are larger than one third of the TESLA cavities. Thus the frequency of most HOMs is above the cut-off frequency of the beam pipes, and therefore are able to propagate through the entire module.
COUPLING MODES IN THE SECOND DIPOLE PASSBAND
Due to their strong couplings to the beam, cavity modes in the first two dipole passbands are the natural choice to use for beam alignment. These modes couple to adjacent Figure 1 : Schematic of the four cavities within ACC39. The power couplers (green) are placed downstream for C1 and C3, and upstream for C2 and C4. The HOM couplers (brown) located on the same side of the power couplers are named H1, while the other ones H2.
cavities through attached beam pipes. This is shown by both simulations and measurements.
Simulations are performed on a string of four ideal cavities without couplers using CST Microwave Studio [5] , with a solver accuracy of 10 −6 in terms of the eigensystem's relative residual, 1.1 million mesh cells and electric boundary conditions. The resulting field distribution of the strongest coupling mode in the second dipole passband is shown in Fig. 2 . The propagation of the electromagnetic energy across the entire cavity string can be clearly seen. Fig. 3(a) shows the spectrum of C1 measured in isolated cavity case compared with that measured when cavities were assembled in the cryo-module. Because of the coupling effects, more modes are present. Fig. 3(b) shows the spectrum of C1 measured in the cryo-module together with that measured across the entire four-cavity string (from C1H2 to C4H2). Most modes in the second dipole passband propagate. The dipole character of this passband has been studied in [6] .
As modes close to 5.45 GHz have strong coupling to the beam, the spectrum from 5.42 to 5.45 GHz is used for the beam alignment study.
BEAM ALIGNMENT

Measurement Scheme
Aligning the beam corresponds to sending the beam on a trajectory which generates minimum HOM power in the cavities. To this end, we set up the measurement as shown in Fig. 4 . Two steering magnets were used to kick the 
Minimization of HOMs
From previous measurements [6] , the integrated power of HOM spectrum from 5.42 to 5.45 GHz has a minimum during the grid-like beam movement. Fig. 5(a) shows the integrated power for each beam position in terms of steering magnet current. Position interpolations from the two BPM readouts (BPM-A and BPM-B) are applied to get the transverse beam positions in C2, which is shown in Fig. 5(b) . The nonlinearity of the transverse positions during the scan is due to the coupling between x and y plane caused partially by the ACC1 module and partially by BPMs. The jitters of the BPM reading during the beam movement can also contribute. Beam alignment was conducted by minimizing the HOM power measured from coupler C2H2, while monitoring the signals from other couplers as well. Initially, transverse offsets read from BPM-A as large as 2.7 mm (x) and -4.3 mm (y) were used and they were subsequently reduced down to -200 µm (x) and -30 µm (y) according to HOM power. Fig. 6(a) shows the current readings of the two steering magnets during the beam movement, and Fig. 6(b) shows the corresponding BPM readouts. The nonlinearity presented is caused by the same reasons as described for The HOM signals excited by a single electron bunch for each beam position were measured by a Real-time Spectrum Analyzer (RSA) from all four downstream HOM couplers. The mode amplitude varies with transverse beam offset in each cavity, which is shown in Fig. 7 . Due to the coupling effects, the spectra are too complex to identify single modes, therefore, the integrated power within this 30 MHz range was used for beam alignment. Zooming into a smaller range of beam movement, the integrated power from C2H2 for each beam position is shown in terms of steering magnet current (Fig. 8(a) ) and interpolated beam position (Fig. 8(b) ) respectively. The position which has minimum power from C2H2 is found and marked as red pentagram. The HOM power within a position range of 60 µm (x) and 200 µm (y) in C2 presents very small changes. 
Beam Trajectory of Minimum HOM Power
All beam trajectories across the four-cavity module during the scan are shown in Fig. 9 . Limited by the beam movement, not all possible trajectories can be covered. According to the position with minimum HOM power, the optimal beam trajectory based on coupler C2H2 is plotted as the red line. The red pentagrams located on C2 correspond to the position marked in Fig. 8(b) by red pentagram. As the HOM signals were also measured from the other three couplers for each beam movement, one can also find the position which has minimum power at each of them. The optimal trajectory for each coupler is shown in Fig. 10 . Another trajectory is also obtained by minimizing the total power of all four couplers, which is the black line in Fig. 10 . The optimal trajectories differ, and might be attributed to several factors. First, we could not cover the entire 4D space during the scan, therefore, the real optimal trajectory might have not been found in this study. Second, the BPMs used for position interpolations have finite resolutions. Third, the alignment was based on a combination of several modes, and they may behave differently at each coupler. Fourth, the HOM energy picked up by each coupler varies according to the detailed features of the individual couplers. Besides that, in spite of the related modes are propagating, different local field distributions are expected at each coupler. Therefore the HOM power is related to the overall pattern of the trajectory rather than the individual offset in each cavity. In order to compare trajectories, a vector A i is composed for each trajectory as
where a
i , a 
Since the modes excited by the beam at an angle are much weaker than those excited by the beam at an offset [7] , the angle of each trajectory is neglected in comparison. Fig. 11(a) shows the norm of all trajectories and the five optimal trajectories. In terms of beam position x and y, the norm of the five optimal trajectories are shown in Fig. 11(b) . The variations of optimal trajectories in both x and y directions are comparable to the RMS resolution of the two BPMs (30 µm).
CONCLUSIONS
Beam alignment has been performed by minimizing the integrated power of dipole modes over a 30 MHz frequency range in the second dipole passband. These modes have been shown in simulations and measurements to have strong coupling to the beam and propagate across the fourcavity module. The beam trajectory corresponding to the minimum HOM power has been found based on each of the four downstream HOM couplers. The differences among their norms are comparable to the BPM resolution. The overall alignment achieved based on one HOM coupler is of the order of 200 µm in this study.
Dedicated electronics for HOM-based beam diagnostics are currently under design. Once the HOM signal been calibrated, the position information within each cavity can be obtained directly. Therefore the nonlinearity induced by jitters and couplings of the BPMs might be reduced and consequently improve the beam alignment. We also plan to continue this study with the dedicated electronics.
